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Inspired in the Standard Model of Elementary Particles, the Einstein Yang-Mills Higgs action with
the Higgs field in the SU(2) representation was proposed in Class. Quantum Grav. 32 (2015) 045002
as the element responsible for the dark energy phenomenon. We revisit this action emphasizing in a
very important aspect not sufficiently explored in the original work and that substantially changes
its conclusions. This aspect is the role that the Yang-Mills Higgs interaction plays at fixing the gauge
for the Higgs field, in order to sustain a homogeneous and isotropic background, and at driving the
late accelerated expansion of the Universe by moving the Higgs field away of the minimum of its
potential and holding it towards an asymptotic finite value. We analyse the dynamical behaviour
of this system and supplement this analysis with a numerical solution whose initial conditions are
in agreement with the current observed values for the density parameters. This scenario represents
a step towards a successful merging of cosmology and well-tested particle physics phenomenology.
PACS numbers: 98.80.Cq; 95.36.+x
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I. INTRODUCTION
The nature of the late accelerated expansion of
the Universe is one of the most important, difficult,
and fundamental problems in Physics. Discovered in
1998 by a couple of supernova projects [1, 2], the
present accelerated expansion of the Universe resur-
rected the Einstein’s “biggest blunder” and has con-
solidated [3] as a key element in the best cosmological
description of our Universe: the Λ Cold Dark Matter
(ΛCDM) model (also known as the Standard Cosmo-
logical Model) [4, 5]. Although Λ, the cosmological
constant, is a very simple and efficient element that
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can drive the present accelerated expansion of the
Universe, it looked ugly and incomprehensible to Ein-
stein and, indeed, any attempt to describe its nature
as the vacuum energy density in a particle physics
context has badly failed [4, 6]. The profuse search
for alternatives to the cosmological constant has ba-
sically split into two categories: the introduction of
non-standard forms of matter and modifications to
the Einstein gravity. The former implies some viola-
tion of the energy conditions while the latter has been
recently under observational pressure [7–9]. In con-
trast, little has been done in the search for a mech-
anism that mimics the cosmological constant while
involving standard forms of matter that minimally
couple to the gravity described by General Relativity.
Inspired in the Standard Model of Particle Physics
(SM) (see, for example, Refs. [10, 11]), the Ein-
stein Yang-Mills Higgs action was introduced in Refs.
[12, 13] in order to study its role in the description of
the primordial inflationary period. Many years later,
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2M. Rinaldi studied such an action in Ref. [14] arguing
that a late period of accelerated expansion was pos-
sible due to the complex doublet nature of the Higgs
field, charged under the SU(2) gauge symmetry1. In
summary, Rinaldi believed to have shown that, when
considering the effect of gravity, the Higgs complex
field rotates about the axis of the Mexican hat po-
tential, away from the minimum of its potential but
slowly chasing it, giving way to an slowly-varying ef-
fective cosmological constant much in the same way
as in the “spintessence” scenario [17]. Despite the
fact that the Yang-Mills fields, charged under SU(2),
were considered, Rinaldi neglected the interaction be-
tween them and the Higgs field, arriving to the con-
clusion that the former behaved as a pure radiation
fluid. Later on, in Ref. [18], the same author took
into account such an interaction, but this time in the
SO(3) representation for the Higgs field, arriving to
similar conclusions as in Ref. [14]2. Our purpose in
this paper is to seriously consider this interaction in
the SU(2) representation for the Higgs field and de-
termine the extent to which it affects the dark energy
mechanism. The layout of this paper is the follow-
ing: in Section II, we will present the Einstein Yang-
Mill Higgs action with the Higgs complex field in the
SU(2) representation and show that the interaction
between the Yang-Mills fields and the Higgs field can-
not be neglected since it has very important effects
that substantially change Rinaldi’s conclusions; in
Section III, the respective equations of motion will
be derived; in Section IV, a dynamical system anal-
ysis will be performed with the purpose of obtaining
the main qualitative features of the time evolution
in this scenario; this analysis will be complemented
in Section V with a numerical solution whose initial
conditions are in agreement with the present observed
values of the density parameters; just before finishing,
some remarks about observational signatures as well
as implications for the particle physics phenomenol-
ogy will be discussed in Sections VI and VII respec-
tively; finally, our conclusions will be presented in
Section VIII.
1 It is worth stressing that this Higgs is not the one of the SM
whose discovery in 2012 was reported in Refs. [15, 16].
2 A careful analysis of Ref. [18] shows that its assumption of
a homogeneous and isotropic background is incorrect, the
latter being actually described by an axisymmetric Bianchi
I metric at best [19] (M. A´lvarez, Y. Rodr´ıguez and M. Ri-
naldi, private communications).
II. IMPORTANCE OF THE YANG-MILLS
HIGGS INTERACTION
The Einstein Yang-Mills Higgs action [12–14] bor-
rows some elements from the SM (see, for example,
Refs. [10, 11]) such as the SU(2) gauge invariance –
and, therefore, the existence of three gauge bosons –
and the presence of a Higgs complex doublet. It also
involves non-interacting radiation and matter fluids,
and the gravity is described by the General Relativ-
ity. Its action is given by
S =
∫
d4x
√−g
[m2P
2 R−
1
4F
µν
a F
a
µν − (DµΦ)†(DµΦ)
−V (Φ2) + Lr + Lm
]
, (1)
where g is the determinant of the space-time metric,
mP is the reduced Planck mass, R is the Ricci scalar,
F aµν is the non-Abelian gauge field strength tensor
defined by
F aµν ≡ ∂µAaν − ∂νAaµ + γabcAbµAcν , (2)
Aaµ representing the vector fields, γ being the SU(2)
group coupling constant, and abc being the three-
dimensional Levi-Civita symbol, Dµ is the gauge co-
variant derivative defined by
Dµ ≡ ∇µ − iγ σc2 A
c
µ , (3)
∇µ being the space-time covariant derivative and σc
denoting the Pauli matrices, Φ is the Higgs complex
doublet described as
Φ ≡
(
Φ1
Φ2
)
=
(
φ1 + iψ1
φ2 + iψ2
)
, (4)
φ1, φ2, ψ1 and ψ2 being real scalar fields, V (Φ2) is the
usual Higgs Mexican hat potential given by
V (Φ2) ≡ λ4 (Φ
2 − Φ20)2 , (5)
λ being the quartic coupling constant and Φ0 denot-
ing the Higgs field configuration at the minimum of
its potential, and Lr,Lm are the Lagrangian densi-
ties for the radiation and matter fluids respectively.
Greek indices run from 0 to 3 and denote space-time
components, and Latin indices run from 1 to 3 and
denote SU(2) gauge components.
As is well known, our Universe is highly homoge-
neous and isotropic [5], which allows us to describe it
at the background level by the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric which in Carte-
sian coordinates reads as
ds2 = −dt2 + a2(t)d~x2 , (6)
3where a(t) is the expansion parameter as a function
of the cosmic time t. Such a configuration requires a
homogeneous arrangement of fields and an isotropic
energy-momentum tensor. The latter is defined as
Tµν ≡ 2∂Lmat
∂gµν
− gµνLmat , (7)
where
Lmat = −14F
µν
a F
a
µν−(DµΦ)†(DµΦ)−V (Φ2)+Lr+Lm ,
(8)
and gµν is the FLRW metric.
From the definition in Eq. (7), it is obvious that
the second term on the right member of the equation
vanishes for µν = µi, with µ 6= i, i.e., this term nei-
ther contributes to the momentum density nor to the
anisotropic stress. What it is not obvious is whether
the first term on the right member of the equation
contributes to these physical quantities. A simple
but delicate calculation shows that this first term is
given by
2∂Lmat
∂gµν
= −F aµρF ρν a−2(D(µΦ)†(Dν)Φ)+2
∂(Lr + Lm)
∂gµν
,
(9)
where the round brackets enclosing space-time indices
mean a standard symmetrization: B(µCν) ≡ (BµCν+
BνCµ)/2. A close examination of the ij components
reveals that the only way to avoid anisotropic stress,
assuming isotropic radiation and matter fluids, is by
employing the “cosmic triad” configuration3 for the
gauge fields:
Aaµ = fδaµ . (10)
In fact,
2∂Lmat
∂gµν
∣∣∣
µν=ij
⊃ δij
(
f˙2 − 2γ
2f4
a2
− 12γ
2Φ2f2
)
,
(11)
when the cosmic triad is employed. However, we see
that this is insufficient to avoid a contribution to the
momentum density:
2∂Lmat
∂gµν
∣∣∣
µν=0i
= −14γf Im(Φ˙
†σiΦ) . (12)
The origin of this contribution is, clearly, the inter-
action between the Yang-Mills fields and the Higgs
field and, since it imposes severe restrictions on the
3 For other applications of the cosmic triad to dark energy, see
Refs. [20–22].
Higgs doublet, it cannot be neglected as was done in
Ref. [14]. Such restrictions are the following:
Im(Φ˙∗1Φ2 + Φ˙∗2Φ1) = 0 ,
Re(Φ˙∗1Φ2 − Φ˙∗2Φ1) = 0 ,
Im(Φ˙∗1Φ1 − Φ˙∗2Φ2) = 0 , (13)
which are equivalent to
φ˙1ψ2 − ψ˙1φ2 + φ˙2ψ1 − ψ˙2φ1 = 0 ,
φ˙1φ2 + ψ˙1ψ2 − φ˙2φ1 − ψ˙2ψ1 = 0 ,
φ˙1ψ1 − ψ˙1φ1 − φ˙2ψ2 + ψ˙2φ2 = 0 . (14)
Thus, the additional condition to avoid an anisotropic
energy-momentum tensor is to fix the gauge so that
Φ(t) ≡
(
φ(t)
0
)
, (15)
with φ being a real scalar field4. This conclusion is
clearly at odds with the claims in Ref. [14] since any
evolution of the Higgs field that involves a rotation
around the axis of the Mexican hat potential, as in
the spintessence model [17], will immediately produce
a huge amount of anisotropy in disagreement with
observations.
It is worth stressing that if it were not for the pres-
ence of the gauge fields and their interaction with the
Higgs field, the energy-momentum tensor would be
isotropic no matter the chosen gauge for the Higgs
field. In connection with this, we know that there
are no preferred directions associated to scalar fields,
so that cosmological models based solely on homo-
geneous versions of them always produce both back-
ground and statistical isotropy5. In contrast, it is
clear that vector fields enjoy inherent preferred di-
rections, so that cosmological models based solely on
them produce a huge amount of both background and
statistical anisotropy unless the cosmic triad configu-
ration is employed [25]; this is the case of models like
vector inflation [26], and gauge-flation [27, 28].
Will this conclusion throw away the possibility of
a dark energy mechanism for the Einstein Yang-Mills
Higgs action? The answer is no, as we will see in the
following sections.
III. EQUATIONS OF MOTION
Once the cosmic triad configuration has been em-
ployed, as in Eq. (10), and the gauge for the Higgs
4 Any gauge transformation of this configuration satisfies as
well the restrictions in Eq. 14.
5 Inhomogeneous scalar fields can drive a homogeneous but
anisotropic universe if extra symmetries are added, as in the
solid inflation model [23, 24].
4field has been fixed, as in Eq. (15), the gravitational
field equations in the FLRW background are the fol-
lowing:
H2 = 13m2P
[3
2
f˙2
a2
+ φ˙2 + 32
γ2f4
a4
+ 34
γ2φ2f2
a2
+ V (φ2)
+ρr + ρm
]
, (16)
H˙ = − 12m2P
[
2 f˙
2
a2
+ 2φ˙2 + 2γ
2f4
a4
+ γ
2φ2f2
2a2
+43ρr + ρm
]
, (17)
where H ≡ a˙/a is the Hubble parameter and ρr, ρm
are the energy densities of the radiation and matter
fluids respectively. These equations are supplemented
by the field equations of motion obtained by varying
the action with respect to Aaµ and Φ and replacing
the field configurations and the FLRW metric:
f¨ +Hf˙ + 2γ
2f3
a2
+ γ
2fφ2
2 = 0 , (18)
φ¨+ 3Hφ˙+ 34
γ2f2φ
a2
+ dV (φ)
dφ
= 0 . (19)
One of these four equations is redundant but, nev-
ertheless, keeping the four equations will be useful
for the construction and analysis of the autonomous
dynamical system in the following section.
An important aspect of Eq. (18) is that it reveals
the existence of a potential for the gauge field, a con-
dition that many physicists deny. This potential is
clearly a product of the interaction between the gauge
field and the Higgs field and cannot be neglected. As
we will see, f = 0 minimizes this potential; this is
in agreement with the usual assumption in standard
particle physics of assigning a vanishing vacuum ex-
pectation value to the gauge fields. On the other
hand, the same interaction between the gauge field
and the Higgs field is the responsible for the exis-
tence of an effective potential for the Higgs field (see
Eq. (19)) that produces an accelerated expansion pe-
riod despite the fact the Mexican hat potential is not
flat enough. This kind of effective potentials is ubiq-
uitous when dealing with multiple types of fields (see
e.g. Ref. [29]).
IV. DYNAMICAL SYSTEM ANALYSIS
With the purpose of analyzing the dynamical be-
haviour of the physical quantities in this scenario, we
can construct an autonomous dynamical system by
defining the following dimensionless dynamical quan-
tities:
x ≡ f˙√
2amPH
, y ≡ γf
2
√
2a2mPH
,
w ≡ γfφ2amPH , z ≡
φ˙√
3mPH
,
v ≡ 1
mPH
√
V (φ)
3 , r ≡
1
mPH
√
ρr
3 ,
m ≡ 1
mPH
√
ρm
3 , l ≡
√
2amP
f
. (20)
Thus, the Friedmann equation in Eq. (16) becomes
the constraint equation
x2 + y2 + w2 + z2 + v2 + r2 +m2 = 1 , (21)
from which we can write the m variable as a function
of the other variables.
Exchanging the cosmic time by the number of e-
folds N defined by dN = Hdt, and taking into ac-
count Eqs. (17) - (21), we can write the evolution
equations for each independent dimensionless vari-
able as follows:
x′ = x(q − 1)− l(2y2 + w2) , (22)
y′ = y(2xl + q − 1) , (23)
w′ = w(xl + q) +
√
3
2 lyz , (24)
z′ = z(q − 2)− wl
(
2αv +
√
3
2 y
)
, (25)
v′ = v(q + 1) + αlwz , (26)
r′ = r(q − 1) , (27)
l′ = l(1− lx) , (28)
where a prime means a derivative with respect to N ,
q ≡ −a¨a/a˙2 is the deceleration parameter which is
given by
q = 12(1 + x
2 + y2 − w2 + 3z2 − 3v2 + r2) , (29)
and α is the positive dimensionless constant defined
by α ≡ √λ/2γ2. This autonomous dynamical sys-
tem is similar to the one obtained by Rinaldi in Ref.
[18] where he studied the Einstein Yang-Mills Higgs
action with the Higgs field in the SO(3) representa-
tion; however, the conclusions obtained in this section
differ in some important aspects from his.
The following list shows the critical manifolds and
critical points of the system and gives a discussion
about each of them (the complete list of the respec-
tive eigenvalues and eigenvectors is shown in the Ap-
pendix A). But, before that, it is important to notice
that, although the variables in Eq. (20) are the ones
5that describe the dynamical system, the actual quan-
tities we are interested in are the physical ones, i.e.,
the physical vector field f/a, its speed (f/a)′, the
Higgs field φ, its speed φ′, and the deceleration pa-
rameter q (already shown in Eq. (29)):
f/a
mP
=
√
2
l
, (30)
(f/a)′
mP
=
√
2
(
x− 1
l
)
, (31)
φ
mP
= 2w
yl
, (32)
φ′
mP
=
√
3z . (33)
• First critical manifold:
w = 0, z = 0, v = 0, r =
√
1− x2 − y2, l = 0.
For this manifold, q = 1, which means radia-
tion domination. This radiation can be pure
or dark6, depending on the values of x and y.
From the eigenvalues and eigenvectors, we can
only conclude that the manifold is a saddle and
that the Higgs field is evolving in a decelerated
way since z = 0 is a z-direction attractor.
• Second critical manifold:
y = 0, w = 0, z = 0, v = 0, r =
√
1− x2, l = 0.
This is a submanifold of the first one, for y = 0.
However, we can extract a bit more of infor-
mation from it since l = 0 is, explicitly, a l-
direction repeller. For this manifold, q = 1,
which means radiation domination. This radi-
ation can be pure or dark, depending on the
value of x. From the eigenvalues and eigen-
vectors, we can conclude that the manifold is
a saddle, that the Higgs field is evolving in a
decelerated way since z = 0 is a z-direction at-
tractor, and that the physical vector field starts
with a large value but decreases in a decelerated
way (in magnitude).
• Third critical manifold:
y = 0, w = 0, z = 0, v = 0, r =
√
1− x2, l =
1/x.
For this manifold, q = 1, which means radiation
domination. This radiation can be pure or dark,
depending on the value of x. From the eigen-
values and eigenvectors, we can conclude that
the manifold is a saddle, that the Higgs field is
evolving in a decelerated way since z = 0 is a
6 By dark radiation we mean that associated to the kinetic
term of the Yang-Mills fields.
z-direction attractor, and that the physical vec-
tor field approaches a constant value,
√
2xmP ,
because its speed approaches zero in view that
l = 1/x is a l-direction attractor.
• Fourth critical manifold:
y =
√
1− x2, w = 0, z = 0, v = 0, r = 0, l = 0.
For this manifold, q = 1, which means radiation
domination. This radiation cannot be pure on
the manifold, but it can be pure or dark in its
surroundings. From the eigenvalues and eigen-
vectors, we can conclude that the manifold is
a saddle and that the Higgs field is evolving in
a decelerated way since z = 0 is a z-direction
attractor.
• First critical point:
x = 0, y = 0, w = 1, z = 0, v = 0, r = 0, l = 0.
For this point, q = 0, which means a transi-
tion from deceleration to acceleration. From
the eigenvalues and eigenvectors, we can con-
clude that the point is a saddle, that the Higgs
field is evolving in a decelerated way since z = 0
is a z-direction attractor, and that the radia-
tion, pure and dark, is decreasing since x = 0,
y = 0, and r = 0 are attractors in the x direc-
tion, the y direction, and the r direction respec-
tively.
• Second critical point:
x = 0, y = 0, w = 0, z = 1, v = 0, r = 0, l = 0.
For this point, q = 2, which means domination
of the Higgs kinetic energy, what is called “ki-
nation”. From the eigenvalues and eigenvectors,
we can conclude that the point is a repeller, that
the Higgs field is growing in a decelerated way
because, initially, z = 1, it being a z-direction
repeller, that the radiation, pure and dark, does
not exist initially but it starts growing because,
initially, x = 0, y = 0, and r = 0, they be-
ing repellers in the x direction, the y direction,
and the r direction respectively, and that the
physical vector field starts with a large value
because, initially, l = 0, it being a l-direction
repeller, but decreases in a decelerated way (in
magnitude) because, initially, l = 0.
• Third critical point:
x = 0, y = 0, w = 0, z = 0, v = 1, r = 0, l = 0.
For this point, q = −1, which means dark en-
ergy domination. This, in turn, implies that the
Hubble parameter is almost constant in the sur-
roundings of the point. Thus, from the eigen-
values and eigenvectors, we can conclude that
the point is an attractor in the {x, y, w, z, v, r}
space, which is what matters when calculating
6the deceleration parameter. We can also con-
clude that the Higgs field approaches a constant
value, because v = 1 is a v-direction attrac-
tor, but it does it in a decelerated way, because
z = 0 is a z-direction attractor, that the radi-
ation, pure and dark, approaches zero because
x = 0, y = 0, and r = 0 are attractors in the
x direction, the y direction, and the r direction
respectively, and that the physical vector field
approaches zero, because y = 0 is a y-direction
attractor, but it does it in a decelerated way
(in magnitude) because x = 0 is a x-direction
attractor while l = 0 is a l-direction repeller.
• Fourth critical point:
x = 1, y = 0, w = 0, z = 0, v = 0, r = 0, l = 0.
For this point, q = 1, which means radiation
domination. This radiation cannot be pure in
the point but can be pure or dark in its sur-
roundings. From the eigenvalues and eigenvec-
tors, we can conclude that the point is a sad-
dle, that the Higgs field is evolving in a deceler-
ated way since z = 0 is a z-direction attractor,
and that the physical vector field starts with a
large value because, initially, l = 0, it being a l-
direction repeller, but decreases in a decelerated
way (in magnitude) because, initially, l = 0 and
x = 1, the latter being a x-direction repeller.
• Fifth critical point:
x = 0, y = 0, w = 0, z = 0, v = 0, r = 0, l = 0.
For this point, q = 1/2, which means matter
domination. From the eigenvalues and eigen-
vectors, we can conclude that the point is a
saddle, that the Higgs field is evolving in a de-
celerated way since z = 0 is a z-direction attrac-
tor, that the radiation approaches zero because
x = 0, y = 0, and r = 0 are attractors in the
x direction, the y direction, and the r direc-
tion respectively, and that the physical vector
field starts with a large value because, initially,
l = 0, it being a l-direction repeller, but de-
creases in a decelerated way (in magnitude) be-
cause, initially, l = 0.
• Sixth critical point:
x = −1, y = 0, w = 0, z = 0, v = 0, r = 0, l =
−1.
For this point, q = 1, which means radiation
domination. From the eigenvalues and eigen-
vectors, we can conclude that the point is a sad-
dle, that the Higgs field is evolving in a deceler-
ated way since z = 0 is a z-direction attractor,
and that the physical vector field approaches
−√2mP because l = −1, is a l-direction at-
tractor.
• Seventh critical point:
x = 1, y = 0, w = 0, z = 0, v = 0, r = 0, l = 1.
For this point, q = 1, which means radiation
domination. From the eigenvalues and eigen-
vectors, we can conclude that the point is a sad-
dle, that the Higgs field is evolving in a deceler-
ated way since z = 0 is a z-direction attractor,
and that the physical vector field approaches√
2mP because l = 1, is a l-direction attractor.
Notice that neither the critical points nor the sta-
bility criteria depend on the value of α. Moreover, it
is clear from this analysis that, in the {x, y, w, z, v, r}
space, the second critical point is the only repeller
whereas the third critical point is the only attractor.
V. NUMERICAL SOLUTION
We will now proceed to present a numerical solu-
tion whose initial conditions7 are in agreement with
the present observed values for the density parame-
ters (see Refs. [5, 30]). We know that, today, the
pure radiation density parameter defined as Ωr ≡
ρr/3m2PH2 has a value8 Ωr0 ' 10−4 while the matter
density parameter, defined as Ωm ≡ ρm/3m2PH2 has
a value Ωm0 ' 0.31. This implies the following initial
values for the r and m dimensionless variables:
r0 = 10−2 , m0 = 0.557 . (34)
We also know, from the previous section, that the fi-
nal stage of the evolution of the Einstein Yang-Mills
Higgs system is the dark energy dominated period
(third critical point) where the energy budget is dom-
inated by the Higgs potential energy, parameterized
by the dimensionless variable v. Thus, and having
in mind the values and stability properties for all the
variables in the third critical point and the constraint
equation in Eq. (21), we have chosen the following
initial conditions for the other dimensionless variables
that characterize the system under study:
x0 = 10−18 , y0 = 10−18 ,
w0 = 10−18 , z0 = 10−18 ,
v0 = 0.831 , l0 = 102 . (35)
Another motivation to choose these initial conditions
has to do with the total length of the radiation dom-
7 By initial conditions we mean the conditions today so the
evolution during the past implies negative values for N .
8 The subindex 0 means that the corresponding quantity is
evaluated today.
7inated period9, from the end of the kination domi-
nated period to the time of matter-radiation equality:
∆Nrad ≈ −12 ln
(√
Ωm0H0(1 + zreq)3/2
Hend
)
, (36)
where zreq is the redshift at matter-radiation equal-
ity and Hend is the Hubble parameter at the end of
the kination dominated period. Since nucleosynthesis
has to occur during the radiation dominated period,
Hend & 10−45mP . Additionally, the constraint on
the tensor to scalar ratio [31] gives the upper bound
Hend . 10−2mP when the reheating is instantaneous
and the length of the kination dominated period is
considered to vanish. These two bounds, together
with Eq. (36), lead to 13 . ∆Nrad . 62. As we will
see, the above initial conditions lead to a cosmological
dynamics consistent with the latter constraint. The
way Eq. (36) is obtained is presented in Appendix B.
We have numerically solved the system of equations
given by Eqs. (22)-(28) assuming a realistic value for
the α parameter, α = 1 10. This allows us to plot
the evolution of the deceleration parameter q and the
effective equation of state parameter ωeff given by
ωeff = (2q−1)/3; such plots are shown in Figs. 1 and
2. As observed, the system exhibits four stages of evo-
lution: the kination dominated period, the radiation
dominated period, the matter dominated period, and,
finally, the dark energy dominated period. Except for
the first one, the other periods and their relative order
are in agreement with the standard cosmology (see
Ref. [30]); nevertheless, a kination dominated period
previous to the radiation dominated one is absolutely
beneficial for a successful reheating mechanism if the
inflaton is only coupled to matter gravitationally [32].
Regarding the qualitative behaviour discussed in the
previous section, we can conclude that, with the re-
alistic initial conditions given by Eqs. (34)-(35), the
system does not approach enough to the first critical
point (transition from deceleration to acceleration).
We can also confirm that the kination dominated pe-
riod is an attractor towards the past (a repeller or
source), the radiation and matter dominated periods
are metastable (saddle points), and the dark energy
dominated period is an attractor (a sink). The evo-
lution of the density parameters for radiation, Ωr, for
matter, Ωm, and for dark energy, ΩDE, this latter de-
fined as ΩDE ≡ 1 − Ωr − Ωm, is presented in Fig.
3. As we can see, the dark components (Yang-Mills
9 Assuming both, that the kination dominated period may be
removed and that the reheating period is intantaneous.
10 This is the order of magnitude obtained when calculating α
in the SM.
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FIG. 1. Evolution of the deceleration parameter q and
the effective equation of state parameter ωeff . The time
variable is given by the number of e-folds of expansion N
which is equal to − ln(1 + zr), with zr being the redshift.
It is easy to appreciate four stages of evolution: the kina-
tion dominated period from early times to N ' −32, the
radiation dominated period from N ' −32 to N ' −8,
the matter dominated period from N ' −8 to N ' −0.3,
and the dark energy dominated period from N ' −0.3
onwards. With the realistic initial conditions given by
Eqs. (34)-(35), the system does not approach enough to
the first critical point (transition from deceleration to ac-
celeration).
+ Higgs) support the kination dominated period in
early times as well as the dark energy dominated pe-
riod in the present and future, similarly to what hap-
pens with most of the quintessence models [4].
We have checked that the changes in Figs. (1) and
(3) are negligible when increasing or decreasing x0
and y0. However, an increment in the value of w0 does
modify the figures, shortening the radiation domi-
nated period while lengthening the kination domi-
nated one without modifying the length of the mat-
ter dominated period; a similar behaviour has been
found for changes in z0, l0, or α. It is remarkable that
the behaviour in these plots is consistent with the
redshift at the matter-radiation equality, zreq = 3390
[4, 5, 30]; it is also consistent with the constraint on
the length of the radiation dominated period given
below Eq. (36). Let’s analyze now each one of the
relevant periods discussed above.
A. The kination dominated period
This period runs from early times to N ' −32 and
corresponds to the second critical point. The evolu-
tion of the physical variables presented in Eqs. (30)
- (33) is shown in Fig. 4. The Higgs field grows in a
decelerated way while the vector field decreases from
a huge value in a decelereated way (in magnitude).
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FIG. 2. Zoom of Figure 1 around the present time N = 0.
ωeff 6= −1 for N = 0.
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FIG. 3. Evolution of the density parameters for radia-
tion, Ωr, matter, Ωm, and dark energy ΩDE. The dark
components (Yang-Mills + Higgs) support the kination
dominated period in early times as well as the dark en-
ergy dominated period in the present and future.
Such behaviour is in agreement with that obtained
and described in the previous section.
B. The radiation dominated period
This period runs from N ' −32 to N ' −8, i.e.
∆Nrad ' 24, and corresponds to either the first or
second critical manifold. The evolution of the phys-
ical variables presented in Eqs. (30) - (33) is shown
in Fig. 5. As in the kination dominated period, the
Higgs field grows in a decelerated way; regarding the
physical vector field, it continues decreasing in a de-
celereated way (in magnitude). Such behaviour is in
agreement with that obtained and described in the
previous section.
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FIG. 4. Evolution during the kination dominated period
(second critical point). Plots a), b), c), and d) show the
Higgs field, its speed, the physical vector field, and its
speed respectively. The behaviour is in agreement with
that obtained and described in Section IV via dynamical
systems.
C. The matter dominated period
This period runs from N ' −8 to N ' −0.3 and
corresponds to the fifth critical point. The evolution
of the physical variables presented in Eq. (30) and
Eqs. (32) - (33) is shown in Fig. 6. The Higgs field
still grows in a decelerated way but very slowly be-
cause it has almost reached its asymptotic value (that
is the reason why the Higgs field plot is not shown in
Fig. 6). In the meantime, the vector field contin-
ues decreasing in a decelereated way (in magnitude).
Such behaviour is in agreement with that obtained
and described in the previous section.
D. The dark energy dominated period
This period runs from N ' −0.3 onwards and cor-
responds to the third critical point. The evolution
of the physical variables presented in Eq. (30) and
Eqs. (32) - (33) is shown in Fig. 7. The Higgs field
has almost reached its asymptotic value, still growing
in a decelerated way while the vector field continues
decreasing in a decelereated way (in magnitude) to-
wards its asymptotic value (zero). Such behaviour is
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FIG. 5. Evolution during the radiation dominated period
(first or second critical manifold). Plots a), b), c), and d)
show the Higgs field, its speed, the physical vector field,
and its speed respectively. The behaviour is in agreement
with that obtained and described in Section IV via dy-
namical systems.
in agreement with that obtained and described in the
previous section.
E. Global evolution
We can take a global look at the evolution of the
physical quantities described in Eqs. (30) - (33) (see
Fig. 8). We can conclude that the Higgs field moves
away from the minimum of its potential towards an
asymptotic finite value, being hold by its interaction
with the Yang-Mills fields which do not allow it to
roll down the Mexican hat potential. (see Fig. 8a); of
course, since it is approaching an asymptotic value,
its movement is decelerated (see Fig. 8b). In con-
trast, the physical vector field, which represents the
Yang-Mills fields, starts from a huge value and de-
creases towards zero, it being its asymptotic value (see
Fig. 8c); its movement, of course, is decelerated (in
magnitude) (see Fig. 8d).
It is worth mentioning that if the cosmic triad were
actually zero, the interaction term in Eq. (19) would
disappear and the Higgs field would go to the mini-
mum of its potential, which is indeed the behaviour,
for instance, in the SM; no late accelerated expan-
-� -� -� -��
��× ��-��
��× ��-��
���× ��-��
a)
-� -� -� -��
��
��
��
��
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-� -� -� -�-��
-��
-��
-��
�
c)
FIG. 6. Evolution during the matter dominated period
(fifth critical point). Plots a), b), and c), show the Higgs
speed, the physical vector field, and its speed respectively.
The evolution of the Higgs field is not presented since, by
this stage, it has almost reached its asymptotic value.
The behaviour is in agreement with that obtained and
described in Section IV via dynamical systems.
� � � � � �-���× ��-��-��× ��
-��-��× ��-��
�
��× ��-����× ��-��
a)
� � � � � ������
�����
�����
�����
�����
b)
� � � � � �-�����
-�����
-�����
-�����
�����
c)
FIG. 7. Evolution during the dark energy dominated pe-
riod (third critical point). Plots a), b), and c), show the
Higgs speed, the physical vector field, and its speed re-
spectively. The behaviour is in agreement with that ob-
tained and described in Section IV via dynamical systems.
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FIG. 8. Global evolution of the Einstein Yang-Mills Higgs
system. Plots a), b), c), and d) show the Higgs field, its
speed, the physical vector field, and its speed respectively.
The Higgs field moves away from the minimum of its po-
tential, being hold towards an asymptotic finite value by
its interaction with the Yang-Mills fields. The physical
vector field, which represents the Yang-Mills fields, starts
from a huge value and decreases towards zero, it being
its asymptotic value. It is the interaction between these
two types of fields that lifts the Higgs field and keeps it
away from its minimum. This, in turn, produces the dark
energy dominated period.
sion period would be generated in this case. However,
when recognizing that the gauge field does have a po-
tential, and that it rolls down towards the minimum
of this potential, the interaction between the gauge
field and the Higgs field always survives because the
evolution for f/a becomes asymptotic banning f/a
to reach zero (see Fig. 8c) and approaching φ to a
non-vanishing asymptotic value (see Fig. 8a). This
asymptotic behaviour reveals that the accelerated ex-
pansion period is eternal which is welcome, although
not necessary, in a dark energy scenario.
VI. OBSERVATIONAL SIGNATURES
Dark energy models can be distinguished through
both its background evolution and its effects on the
growth of perturbations in matter. While the for-
mer is tested by distance measurements, the latter is
tested by cosmic microwave background anisotropies,
weak lensing, and the distribution of large-scale struc-
tures [4, 33]. As seen in Figs. (1) and (2), the
time evolution of ωeff for the Einstein Yang-Mills
Higgs model clearly differs from that of a cosmolog-
ical constant. The characteristics of such time evo-
lution are better appreciated in Fig. (9) which re-
veals that ωeff does not evolve linearly with the ex-
pansion parameter a, so it is not possible to employ
the Chevallier-Polarski-Linder (CPL) parametriza-
tion ωeff = p + q(a − ai) [34, 35] where p and q are
constants and ai is the expansion parameter when
ωeff = p. Comparison with distance measurements
requires certain parametrization for the time evolu-
tion of ωeff , the cosmological constant and the CPL
parametrization being the most employed; however,
these do not work for the model studied and, there-
fore, a suitable measurement analysis for this model,
which goes beyond the scope of this paper, must be
carried out. Now, regarding the effects on the growth
of perturbations in matter, a complete study of the
first-order cosmological perturbations is required in
order to see the possible deviations in the effective
gravitational coupling and the sound speed for each
mode (see e.g. Ref. [36]). On the other hand, we
know that vector fields are source of perturbations
that introduce violations of the isotropy, which di-
rectly affect the growth of matter perturbations and,
therefore, become relevant to the matter or galaxy
spectrum or bispectum [37–40]. New observables are,
therefore, introduced and become a window to test
the Einstein Yang-Mills Higss model. For example,
it is possible to identify two explicit contributions
from vector fields to the two-point correlation func-
tion of the galaxy distribution [38]. The first one is
related to the two-point correlation function of vec-
tor fields perturbations 〈δAi δAj〉, which gives us
information about the amplitude of fields and sta-
tistical anisotropy patterns [38, 40]. The other one
is the cross-correlation with the matter component
〈δAi δM〉 which is a signal of statistical anisotropy.
Both contributions are directly related to the param-
eters of the present model and could be measured by
forthcoming experiments designed to map the large-
scale structure [37, 38, 40]. To uncover the specific
relation between the matter correlation functions and
the specific parameters in the Einstein Yang-Mills
Higgs scenario, we need to go beyond the simple back-
ground analysis and perform a deep one in the frame
of cosmological perturbation theory. Such study also
goes beyond the scope of this paper.
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FIG. 9. dωeff/da as a function of − ln(1 + zr). This plot
reveals that ωeff does not change linearly with the expan-
sion parameter a, so it is not possible to employ the CPL
parametrization [34, 35].
VII. SOME IMPLICATIONS FOR PARTICLE
PHYSICS
We have discovered that the Higgs field in this sce-
nario is not in the minimum of its potential but is
hold towards a finite asymptotic value φasymp. Thus,
its mass today as well as the Yang-Mills fields’ re-
ceive a contribution which is proportional to φasymp.
Moreover, in contrast to the SM, the Yang-Mills fields
in this scenario do get a vacuum expectation value
which approaches zero but never reaches it, so the
Higgs mass and theirs also receive a contribution
which is proportional to f0/a0. Let’s remember that,
in the SM, the Higgs mass mφ is proportional to the
quartic coupling constant λ whereas the Yang-Mills
fields’ mAµ is proportional to the SU(2) group cou-
pling constant γ through the following relations that
involve the vacuum expectation value of the Higgs
field φ0 [10, 11]:
mφ ∼
√
λφ0 ∼ αγφ0 , (37)
mAµ ∼ γφ0 . (38)
In the present scenario:
mφ ∼ γ
√
α2φ2asymp +
1
4
f20
a20
, (39)
mAµ ∼ γ
√
φ2asymp + 4
f20
a20
. (40)
where, according to Figs. 8a and 7b, φasymp ≈ 30mP
and f0/a0 ≈ 10−2mP . On the other hand, from the
dimensionless parameters in Eq. (20), we can obtain
an expression for the Hubble parameter:
H
mP
=
√
2 γ
yl2
, (41)
which can be used in conjunction with the measured
value for the Hubble parameter today H0 ∼ 10−61mP
[5] to obtain γ ∼ 10−75. The present values of the
Yang-Mills fields Aaµ and the Higgs field φ are then
mAµ ∼ mφ ∼ 10−74mP ∼ 10−47 eV. These are just
figures since the actual values depend on the chosen
initial conditions; however, they give us a notion of
how small γ,mφ and mAµ must be.
There are at least two ways of interpreting these
results: either 1. the extremely low value for γ is a
manifestation of the unsolved cosmological constant
problem [6] so that the scenario discussed in this pa-
per is just a ‘rephrasing’ of such a difficult and fun-
damental problem in a more comprehensive particle
physics context11, or 2) this scenario is promising but
requires some modification in order to have interac-
tions beyond gravity between the Aaµ and φ and the
particles of the SM, and mass values for the Aaµ and
φ not so extremely low so that they can be scanned
in future particle physics experiments.
VIII. CONCLUSIONS
The origin and nature of the dark energy have been
elusive for physicists during two decades. Most of the
research has been concentrated either, in implement-
ing a non-standard matter content (that violates the
energy conditions) or in modifying the Einstein grav-
ity. M. Rinaldi’s idea [14] of studying the role, for
dark energy, of the Higgs field and the Yang-Mills
fields in a SM-like action with Einstein gravity is
very clever since it avoids the usual avenues of re-
search in the dark energy subject while feeding the
analysis with well established and tested ideas from
particle physics. We have shown that the interaction
between the Higgs field and the YangMills fields is
fundamental for the success of this scenario, it be-
ing the key element that drives an asymptotic state
that corresponds to the late accelerated expansion
of the Universe. Such an interaction is so impor-
tant that, despite the fact that the Higgs field is a
scalar and the Yang-Mills fields are in the cosmic
triad configuration, the setup is highly anisotropic
unless the gauge for the Higgs field is fixed so that
the latter moves along a straight direction in the field
space. There can be no rotation around the axis of
the Mexican hat potential and, therefore, this sce-
nario differs completely from the “spintessence” one
11 It is very suggestive, however, that radiative corrections pro-
portional to γ do not enter in conflict with the measured
value of Λ.
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(see Ref. [17]); it is even different to the scenario
in Ref. [18], where the SO(3) representation of the
Higgs field is employed, since such a scenario is abso-
lutely inconsistent with a homogeneous and isotropic
universe [19]. The usual stages in the evolution of the
postinflationary universe are successfully reproduced,
namely the radiation, matter, and dark energy dom-
inated periods. However, a new one, an early kina-
tion dominated period, is also obtained which would
be very useful for the reheating process when modify-
ing this model to implement primordial inflation [32].
In addition, it is desirable that such a modification
can explain the origin and nature of the dark matter
and that implements interactions between the visible
sector and the new one described in this paper, be-
yond the gravitational one, that allows us to test this
scenario both from astronomical observations and in
particle physics experiments. We think this scenario
represents a step towards a successful merging of cos-
mology and well-tested particle physics phenomenol-
ogy.
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Appendix A: Complete list of eigenvalues and
eigenvectors for the critical manifolds and
critical points12
First critical manifold:
w = 0, z = 0, v = 0, r =
√
1− x2 − y2, l = 0.
• 2, {0, 0, 0, 0, 1, 0, 0},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {-2y2, 2xy, 0, 0, 0, 0, 1},
• 1, {x/
√
1− x2 − y2, y/
√
1− x2 − y2, 0, 0, 0,
1, 0},
12 In each item, the first number is the eigenvalue whereas
the arrangement of numbers inside the curly brackets corre-
sponds to the respective eigenvector.
• 1, {0, 0, 1, 0, 0, 0, 0},
• 0, {-
√
1− x2 − y2/x, 0, 0, 0, 0, 1, 0},
• 0, {-y/x, 1, 0, 0, 0, 0, 0}.
Second critical manifold:
y = 0, w = 0, z = 0, v = 0, r =
√
1− x2, l = 0.
• 2, {0, 0, 0, 0, 1, 0, 0},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {0, 0, 0, 0, 0, 0, 1},
• 1, {x/√1− x2, 0, 0, 0, 0, 1, 0},
• 1, {0, 0, 1, 0, 0, 0, 0},
• 0, {-√1− x2/x, 0, 0, 0, 0, 1, 0},
• 0, {0, 1, 0, 0, 0, 0, 0}.
Third critical manifold:
y = 0, w = 0, z = 0, v = 0, r =
√
1− x2, l = 1/x.
• 0, {-x2, 0, 0, 0, 0, x3/√1− x2, 1},
• -1, {0, 0, 0, 0, 0, 0, 1},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {-2x2, 0, 0, 0, 0, -2x√1− x2, 1},
• 2, {0, 0, 0, 0, 1, 0, 0},
• 2, {0, 0, 1, 0, 0, 0, 0},
• 2, {0, 1, 0, 0, 0, 0, 0}.
Fourth critical manifold:
y =
√
1− x2, w = 0, z = 0, v = 0, r = 0, l = 0.
• 2, {0, 0, 0, 0, 1, 0, 0},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {-2, 0, 0, 0, 0, 0, 1},
• 1, {0, 0, 1, 0, 0, 0, 0},
• 1, {x/√1− x2, 1, 0, 0, 0, 0, 0},
• 0, {0, 0, 0, 0, 0, 1, 0},
• 0, {-√1− x2/x, 1, 0, 0, 0, 0, 0}.
First critical point:
x = 0, y = 0, w = 1, z = 0, v = 0, r = 0, l = 0.
• -2, {0, 0, 0, 1, 0, 0, 0},
• -1, {0, 0, 0, 0, 0, 1, 0},
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• -1, {0, 0, 1, 0, 0, 0, 0},
• -1, {0, 1, 0, 0, 0, 0, 0},
• -1, {1, 0, 0, 0, 0, 0, 0},
• 1, {1, 0, 0, 0, 0, 0, -2},
• 1, {0, 0, 0, 0, -1, 0, 0}.
Second critical point:
x = 0, y = 0, w = 0, z = 1, v = 0, r = 0, l = 0.
• 3, {0, 0, 0, 0, -1, 0, 0},
• 3, {0, 0, 0, -1, 0, 0, 0},
• 2, {0, 0, 1, 0, 0, 0, 0},
• 1, {0, 0, 0, 0, 0, 0, 1},
• 1, {0, 0, 0, 0, 0, 1, 0},
• 1, {0, 1, 0, 0, 0, 0, 0},
• 1, {1, 0, 0, 0, 0, 0, 0}.
Third critical point:
x = 0, y = 0, w = 0, z = 0, v = 1, r = 0, l = 0.
• -3, {0, 0, 0, 0, 1, 0, 0},
• -3, {0, 0, 0, 1, 0, 0, 0},
• -2, {0, 0, 0, 0, 0, 1, 0},
• -2, {0, 1, 0, 0, 0, 0, 0},
• -2, {1, 0, 0, 0, 0, 0, 0},
• -1, {0, 0, -1, 0, 0, 0, 0},
• 1, {0, 0, 0, 0, 0, 0, 1}.
Fourth critical point:
x = 1, y = 0, w = 0, z = 0, v = 0, r = 0, l = 0.
• 2, {0, 0, 0, 0, 1, 0, 0},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {0, 0, 0, 0, 0, 0, -1},
• 1, {0, 0, -1, 0, 0, 0, 0},
• 1, {-1, 0, 0, 0, 0, 0, 0},
• 0, {0, 0, 0, 0, 0, -1, 0},
• 0, {0, -1, 0, 0, 0, 0, 0}.
Fifth critical point:
x = 0, y = 0, w = 0, z = 0, v = 0, r = 0, l = 0.
• - 32 , {0, 0, 0, 1, 0, 0, 0},
• 32 , {0, 0, 0, 0, 1, 0, 0},
• 1, {0, 0, 0, 0, 0, 0, 1},
• - 12 , {0, 0, 0, 0, 0, 1, 0},
• - 12 , {0, 1, 0, 0, 0, 0, 0},
• - 12 , {1, 0, 0, 0, 0, 0, 0},
• 12 , {0, 0, 1, 0, 0, 0, 0}.
Sixth critical point:
x = −1, y = 0, w = 0, z = 0, v = 0, r = 0, l = −1.
• 2, {0, 0, 0, 0, 1, 0, 0},
• 2, {0, 0, 1, 0, 0, 0, 0},
• 2, {0, 1, 0, 0, 0, 0, 0},
• -1, {0, 0, 0, 0, 0, 0, 1},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {2, 0, 0, 0, 0, 0, -1},
• 0, {0, 0, 0, 0, 0, 1, 0}.
Seventh critical point:
x = 1, y = 0, w = 0, z = 0, v = 0, r = 0, l = 1.
• 2, {0, 0, 0, 0, 1, 0, 0},
• 2, {0, 0, 1, 0, 0, 0, 0},
• 2, {0, 1, 0, 0, 0, 0, 0},
• -1, {0, 0, 0, 0, 0, 0, 1},
• -1, {0, 0, 0, 1, 0, 0, 0},
• 1, {2, 0, 0, 0, 0, 0, -1},
• 0, {0, 0, 0, 0, 0, 1, 0}.
Appendix B: The length of the radiation
dominated period
The radiation fluid energy density evolves as ρr =
ρri(ai/a)4, where the subindex i represents some ref-
erence time. The fact that this energy dominates
during the radiation dominated period is represented
by the Friedmann equation H2 = ρr/3m2P . Thus,
H =
√
ρri
3m2P
(ai
a
)2
, (B1)
which can be readily integrated to give
a2 = a2i
[
1 + 2
√
ρri
3m2P
(t− ti)
]
. (B2)
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This equation, in turn, gives us the Hubble parameter
as a function of time:
H(t) =
√
ρri
3m2
P
1 + 2
√
ρri
3m2
P
(t− ti)
. (B3)
Eqs. (B2) and (B3) allow us to obtain the length in
e-folds of the radiation dominated period (from the
end of the kination dominated period to the time of
matter-radiation equality):
∆Nrad = − ln
(
aend
aeq
)
≈ −12 ln

√
ρreq
3m2
P
Hend
 , (B4)
where the subscripts “end” and “eq” mean end of
the kination dominated period and matter-radiation
equality respectively. Thus, ∆Nrad can be written as
∆Nrad ≈ −12 ln
(√
Ωreq
Heq
Hend
)
= −12 ln
(
Heq√
2Hend
)
.
(B5)
On the other hand, the matter fluid energy density
evolves as ρm = ρmi(ai/a)3, which leads to
H2eq =
2ρm0
3m2P
(
a0
aeq
)3
= 2Ωm0H20 (1 + zeq)3 . (B6)
Introducing Eq. (B6) into Eq. (B5) gives us the final
expression for ∆Nrad:
∆Nrad ≈ −12 ln
(√
Ωm0H0(1 + zeq)3/2
Hend
)
. (B7)
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